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ABSTRACT 

ECONOMICS O F  NUCLEAR GAS STIMULATION 

G. W. F rank  
Austral  Oil Company Incorporated 

Houston, Texas 

H. F. Coffer 
CER Geonuclear Corporation 

Las Vegas,  Nevada 

G. R .  Luetkehans 
CER Geonuclear Corporation 

Las Vegas, Nevada 

Nuclear stimulation of the Mesaverde Formation i n  the  Piceance Basin ap- 
pears  to be  the only available method that can re lease  the contained gas 
economically. ' In the Rulison Field alone es t imates  show s i x  to  eight t r i l -  
lion cubic feet  of gas may b e  made available by nuclear means ,  and 
one hundred trillion cubic feet  could be re leased in  the Piceance Basin. 

Several  problems remain to be solved before this tremendous gas r e s e r v e  
can be tapped. Among these a r e  (1) ra tes  of production following nuclear 
stimulation; ( 2 )  costs of nuclear stimulation; ( 3 )  radioactivity of the chimney 
gas;  and (4) development of the ideal  type of device to c a r r y  out the s t imu-  
lations. Each  of these problems i s  discussed in deta i l  with possible solu- 
tions suggested. 

F i r s t  and foremos t  i s  the ra te  a t  which gas can be delivered following nu-  
c lear  s timulation. Calculations have been made for  expected production 
behavior following a 5-kiloton device and a 40-kiloton device with different 
permeabil i t ies.  These  a r e  shown, along with conventional production 
history. The calculations show that ra tes  of production will be  sufficient 

, i f  costs  can be controlled. Costs of nuclear stimulation mus t  be dras t ical ly  
reduced for a commercial  p rocess .  Project  Rulison will cost  approximately 
$ 3 .  7 million, excluding lease  costs ,  pre l iminary t e s t s ,  and well costs .  At 
such pr ices ,  nothing can possibly be commercial ;  however, these costs  can 
come down in a logical s tep-wise fashion. 

Radiation contamination of the gas remains  a problem. T h r e e  possible 
solutions to this problem a r e  included. 
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INTRODUCTION 
* .  

T h e  grea tes t  challenge to the oi l ' industry has  always been how to make avai l -  - 

ab le  oi l  and- gas a t  an economic rate.  The increasing costs,  of exploration 
hwemade  the economic development of marginal  resources  not only a t t r a c -  
t ive ,  but necessary .  - 
Over the years ,  the development of stimulation methods have made i t  poss i -  
b l e  to produce f r o m  reservo i r s  which ea r l i e r  would have been writ ten off 
as dry  holes. Among the f i r s t  successful  methods was the use  of the  chemi-  
c a l  explosive (nitroglyceririe) to b reak  up the a r e a  immediately surrounding 
the  well  bore. La te r ,  another method st i l l  in common use in l imestone r e s  - 
e rvo i r s  , was acidizing to open up flow channels in the rock fur ther  out in to  
the  r e se rvo i r .  These  two stimulation methods have now been dwarfed by 
hydraulic fracturing,  ( the most  commonly used technique available to. the 
indust ry  today. The object of fracturing is to increase  the flow f r o m  the  
r e se rvo i r  by increasing the flow capacity of the rock close to the well bore.  
I t  works extremely well in thin formations where the entry point of f ractur ing 
fluid can be controlled. 

Stimulation i s  more  difficult when thick, tight formations a r e  the t a rge t s .  
This i s  because i t  is hard to force the f rac tures  into the des i red  zones of the 
formation and connect up a l l  of the sand lenses  with the well bore.  The  
introduction of nuclear  fracturing (2) ,  ( 3 )  should solve the thick format ion 
stimulation problem. Massive f ractures  a r e  created by the nuclear  explo- 
s ive  which c ros s  the sand and shale sequences of such thick, tight fo rma-  
tions. Use of nuclear stimulation should allow economic production f r o m  
zones which a r e  non- commer cia1 by ordinary stimulation methods. 

EFFECT O F  NUCLEAR EXPLOSIVES 

Numerous other papers  a t  this symposium have discussed nuclear explo- 
sions and their effects on various rock types. In review, a completely 
contained explosion c rea tes  a chimney and fractured rock zone much l ike 
t he  ones shown in  Figure 1. ( 4 ) ~  ( 5 )  The s i ze  of the chimney and f rac tured  
zone var ies  with the s ize  of device o r  amount of energy used. Le t ' s  look 
briefly at  how these huge rock piles can be used to increase  gas production. 

Under normal  situations a hole i s  drilled into the ga-s formation and 5 -  1 1 2  
inch o r  7-inch casing i s  cemented in  place. Gas flow is  initiated into the 
well bore  by perforating and then reducing the p re s su re  in the well bore.  
A s  the gas moves f rom the higher . p r e s su re  in the rese rvo i r  into the  wel l ,  
i t  flows through the a r e a  immediately surrounding the well (See F igu re  2).  
T h e r e  i s  a  res t r ic t ion to flow due to the l imited a r ea  through which the fluid 
can pas s .  The r a t e  a t  which the gas can be produced i s  a function of the 
permeabi l i ty  of the rese rvo i r  and the available flow a r e a s .  

When a nuclear device is exploded in a r e se rvo i r ,  i t  yields the configuration 
as shown in the bottom half of F igure  2. ( 6 )  Superimposed on the well bore  
i s  a  highly fractured a r e a  surrounding a rubble of broken rock. The  gas  
flows toward these f rac tures  f rom the tighter o r  less  permeable  or ig inal  
r e se rvo i r .  The flow rate into such a well will be a function of the s i z e  of 



the  broken up a r e a  and the format ion  permeabil i ty .  In o the r  words ,  the  
larger .  the a r e a  of f r a c t u r e s ,  the  f a s t e r  the  flow r a t e  in to  the new well.  If 
the  nuclear  s t imula ted  .well  r a t e s  a r e  much g r e a t e r  than the o r ig ina l  unfrac-  
tured  r a t e s ,  i t  wil l  be economic to  use  nuclear  explosives and fewer  wells 
should be r e q u i r e d  to  d r a i n  the r e s e r v o i r .  

Two nuc lea r  gas s t imulat ion exper iments  have been c a r r i e d  out- - P r o j e c t s  
Gasbuggy (7) and Rulison. (8)  The objective i n  both c a s e s  was  t o  open up a 
tight format ion  and allow a higher r a t e  of production. P r e l i m i n a r y  r e s u l t s  
a r e  in o n  Gasbuggy and a r e  d iscussed by o the r s  a t  this . sympos ium.  . A r e -  
entry is planned for  ~ u l i s d n  in  Apr i l  of this  y e a r .  

RULISON RESULTS 

T h e  paper  by Reynolds et a1 ( 9 )  presen t s  much of the p r e - s h b t  t e s t  da ta  f r o m  
Rulison.  Using the mathemat ica l .  model d iscussed t h e r e  we have  calculated 
a s e r i e s  of cu rves  showing the effect of shot s i z e  and pe rmeab i l i ty  on the 
predicted pe r fo rmance  of a gas r e s e r v o i r .  T h e s e  calculat ions should allow 
us  to ze ro  i n  on the economic fu ture  of nuc lea r  s t imulat ion and the l imi t s  of 
usefulness of the method. 

F i g u r e  3 gives our  p r e - s h o t  predict ions on recovery  f r o m  the  Rul ison tes t .  
T h e  m e a s u r e d  r e s e r v o i r  permeabi l i ty  w a s  0. 008 md. Using a 40-kiloton 
device,  we should obtain a 7-fold i n c r e a s e  over  n o r m a l  production i n  20 
y e a r s .  Obviously, the  exper imenta l  shot  i s  not  p'redicted to  pay for i t se l f  
s ince  only 6 billion cubic f e e t  of g a s  i s  expected i n  20 y e a r s .  

Using the s a m e  model ,  F i g u r e  4 was  made. I t  shows t h e  effect of var ia t ion  
in  permeabil i ty  on r e c o v e r y  predicted i n  20 y e a r s  using a 40-kiloton d-evice. 
A s  expected, r ecover ies  a r e  much  higher wi th ,an  i n c r e a s e  i n  permeabi l i ty .  
A t  v e r y  low permeabi l i ty ,  gas recovery  following nuclear  s t imula t ion  will  
b e  too low t o  m a k e  the  method economic. 

F i g u r e  5 is the s a m e  plot using a 5-kiloton device. In th is  kind of appl ica-  
tion it would be a s s u m e d  that  a sufficient number of s m a l l  dev ices  would be  
used i n  one well bore  to b r e a k  a c r o s s  the en t i r e  production in te rva l .  Thus ,  
the  r e s u l t s  a r e  comparab le  to  those  of F i g u r e  4 f o r  the 40-kiloton device.  
I t  is  apparen t  tha t  a 5-kiloton device  needs a much higher pe rmeab i l i ty  t o  
r e c o v e r  a subs tant ia l  amount  of the gas-in-place in  20 y e a r s .  

F i g u r e s  6 through 8 show the compar ison of recovery  f r o m  5- and 40- kiloton 
devices  a s  a function of permeabi l i ty .  T,hese data show that l a r g e r  s i z e  d e -  
'.vices become m o r e  desira .ble  a s  the  r e s e r v o i r  permeabi l i ty  d e c r e a s e s .  The  
device yield se lec ted  will  be governed by the  se i smic  effects  a s  well a s  t h e  
economics of recover ing  the gas-in-place.  

In F i g u r e  9 ,  we. have a t tempted to s u m m a r i z e  the data by plotting 20-year  
r e c o v e r i e s  ve r sus  permeabi l i ty  a s  a function of shot  s i z e .  I t  is readi ly seen  
that 20-year  r ecover ies  fa l l  off rapidly a s  the permeabil i ty  d e c r e a s e s .  This  
m e a n s  t h e r e  will  be a l imit ing permeabil i ty  beiow which even the  t r emendous  
power of the nuclear  explosion will not yield production r a t e s  that a r e  e c o -  
nomic. 



Comparison of the data i n  Figures  3 and 9 l e t s  us  draw some interes t ing con- 
clusions about the  type of gas r e se rvo i r  s applicable t o  economic s timulation. 
With higher permeability r e s e r v o i r s ,  we can  use  sma l l  devices in s e r i e s  and 
s t i l l  obtain high recover ies .  If the permeabil i ty i s  low, l e s s  than 0. 0 1 md 
f o r  example, we will be forced to use  l a r g e r  devices in  o rder  to obtain ade-  
quate production and recovery r a t e s .  If the permeabi l i ty  approaches  0. 002 
m d ,  probably even l a rge  devices (100 kt or  s o )  cannot be economically used 
unless we have tremendous quantities of gas-in-place. 

A t  higher permeabil i t ies  (above 0. 03 md)  i t  may  well be possible to i nc rea se  
r 

the  spacing to 640 a c r e s .  ' This would be especial ly a t t rac t ive  i f  l a rge r  devices 
(50 kt o r  m o r e )  could be used i n  the  a r e a  without s e i smic  damage. 

After this analysis  one i s  tempted to  a sk  how g ~ o d  i s  i t ?  Of course ,  i t  can , 

b e  no bet ter  than the assumptions on which the r e se rvo i r  model i s  c o n ~ t r u c -  
ted. F i r s t  indications f r o m  Rulison a r e  that the model  may  be  somewhat 
conservative. We hope this s tatement is borne out by our Rulison tes t  p ro -  
g r a m  since that would mean s m a l l e r  devices than originally planned can be 
used. 

F igu re  10 gives the p r e s s u r e  buildup in the Rulison emplacement hole. By 
30 days (720 hours) sur face  p r e s s u r e  was 2300 ps i  (approximately 2700 ps i  
bottomhole) which i s  within l e s s  than 250 p s i  of original  r e se rvo i r  p r e s s u r e  
of 2930 psi. It i s  interest ing t o  speculate on what is happening and the gas  
flow ra tes  a c r o s s  the f ractured zone into the nuclear  chimney. 

Se i smic  measurements  indicate that the device behaved a s  predicted + 20 (40 kt -4 ) Therefore ,  we would expect the  cavity configuration to be i n  
the  range given in Table I.  Gas accumulation in  the chimney a t  the original  
r e se rvo i r  p r e s s u r e  (2930 psi)  might vary  between 200 to 700 mill ion s tandard  
cubic feet. We won't know which number i s  co r r ec t  until the cavity is  entered 
and i t s  s i ze  determined. 

Pred ic ted  chimney void space var ies  f r o m  1. 5 to 5 mil l ion cubic feet.  This  
void volume comes f r o m  squeezing the rock in the vicinity of the shot and  
the vaporizing and resolidifying of the rock in the immediate a r e a  of the 
blast.  If we a s sume  the squeezing process takes place evenly on the  sand 
gra ins  and shale with no effect on the sand porosity, a l l  of the void space 
will be newly c rea ted  by the shot. (In ac tua l  fact ,  p a r t  of the new volume 
would come f r o m  squeezing the original porosity and thus a l l  of the void 
space i s  not newly made. Since porosi ty i s  only 9.7% and sand i s  only about 
40% of total rock,  this  assumption probably i sn ' t  too bad. ) 

If we consider the minimum fracturing c a s e  and consult Table  I ,  we s e e  that 
the total f rac tured zone void space (4. 5 x l o 6  cubic feet )  i s  only 3 t imes  the 
chimney void space created by the device. Total  gas in the f rac tured  a r e a  
should be about 900 MMSCF. If no flow occur red  f r o m  the unfractured 
portion of the r e se rvo i r  a c r o s s  the f ractured boundary, the gas p r e s s u r e  
i n  the well bore af ter  30 days of buildup should not be  above 314 of the o r ig -  
inal p r e s s u r e  o r  2200 psi .  Since the observed p r e s s u r e  i s  approximately 
2700 ps i ,  the increase  in p r e s su re  of 500 ps i  over a non-flow situation will 
give a measure  of the gas flow r a t e  ac ros s  the f rac ture  boundary. 



T A B L E  I 

PREDICTED CAVITY PROPERTIES 
FROM RULISON EXPLOSION (10)  

M a x i m u m  Mean Min imum Units 

Cavi ty ~ a d i u s  108 90 72  fee t  

Crack ing  Radius  580 ' 

Chimney Height 4 5  1 

f ee t  

f e e t  

Chimney Volume 
(Broken rock)  

Cavi ty  Volume ( o r  
Chimney Void Space )  

G a s  i n  P l a c e  @'2930 p s i  
' 

375O F ( i n  Chimney) 

'. F r a c t u r e  Zone Volume 
( F r a c t u r e d  r o c k )  

F r a c t u r e  Zone Void 
Space  

3 f e e t  

214x10 6 3 f e e t  



! . F r a c t u r e d  zone + Cavity O b s e r v e d  p r e s s u r e  i n c r e a s e  
G a s  F ldw/30  days = ( void space , volume ) 15 

I 
I 6  500 G a s  Flow/3O days = (4. 5 x 1 0 ~  + 1. 5x10 ) x - 
1 15 

G a s  F l o w l d a y  , = 7. 5  MMSCF 

T h i s  calculat ion neglects  the effect of t e m p e r a t u r e  which wil l ,  of c o u r s e ,  
b r ing  t h e  f i g u r e  down slightly.  I t  should be pointed out that  t h i s  flow r a t e  o c -  
c u r s  wi th  only a  d i f f e ren t i aLpressu re  of f r o m  730 to 230 ps i  dur ing  the 30-day. 
per iod .  

T h e  r e s u l t s  a r e  m u c h  higher than expected s ince  the production. a c r o s s  the 
f r a c t u r e  boundary i s  taking p l a c e  a t  s u c h a  low d i f f e ren t i a l  p r e s s u r e .  R a t e s  
should b e  higher a c r o s s  the boundary during product ion  w h e r e  the wel l  c o r e  
p r e s s u r e  wil l  be held a t  a  m u c h  lower value.  T h e  a c t u a l  flow r a t e s  a n d  
cavi ty  volume will  be  de termined f r o m  r e - e n t r y  and f low test ing of the well .  

If one u s e s  the max imum c a s e :  

6 500 G a s  F l o w / 3 0  days = ( 1 5 . 3 ~ 1 0 ~  + 5. 3x10 )- 1 5  

6 500 
G a s  F low/30  days = 2 0 . 6 ~ 1 0  x - 

15 

G a s  F l o w l d a y  = 23 MMSCF 

Both  t h e  m i n i m u m  and m a x i m u m  flow r a t e s  a p p e a r  qui te .  high and probably  i n -  
d i c a t e  a l a r g e r  f r a c t u r e  a r e a  to chimney volume r a t i o  than  o u r  model .  T h i s  
would b e  highly des i r ab le  s ince  the expected flow r a t e s  and u l t ima te  r e c o v e r y  
i n c r e a s e  with f r a c t u r e  extent. 

I f  the t e s t ing  r e s u l t s  on Rul i son  verify t h e . p r e l i m i n a r y  da ta ,  i t  m a y  b e  p o s s i -  
b l e  to develop the field cox&nercially with s m a l l e r  sho t s  than o r ig ina l ly  p i e -  
d ic ted .  T h i s  would be an exciting development  s i n c e  safe ty  c o s t s  and d a m a g e s  
would go  down i f  the explosive yield i s  reduced .  

F U T U R E  DEVELOP.MENT O F  NUCLEAR STIMULATION 

Produc t ion  data  on  Rulison a r e  vi ta l  in  de te rmin ing  how s u c c e s s f u l  nuc lea r  
s t imula t ion  will  be .  If production ra ' tes hold up a s  the p r e s s u r e  buildup indi-  
c a t e s ,  m a n y  a r e a s  of the w e s t e r n  United S t a t e s  wi-11 be amenab le  to  economic  
n u c l e a r  s t imulat ion.  

In  our  p rev ious  d iscuss ion  we l i s t e d  a  poss ib le  cut-off point' of 0. 002 m d  a s  
being a t t r a c t i v e  by  nuclear  s t imulat ion.  Of c o u r s e ,  i f  the f r a c t u r e s  a r e  
m u c h  longer  than those s imula ted  i n  our mode l ,  i t  m a y  be poss ib le  to  go to 
r e s e r v o i r s  of lower  permeabi l i t ies .  The s lope  .of the c u r v e  ( F i g u r e  9 )  d o e s n ' t  
give u s  too much  hope of e v e r  going below 0 .001  m d ,  however .  H e r e .  the p r o -  
duct ion r a t e s  a c r o s s  the boundary between .the v i rg in  r e s e r v o i r  and t h e  f r a c -  
t u r e d  zone .wouldn ' t  be high enough to make  development  economic.  Of c o u r s e  



one  could still deple te  the  f r a c t u r e d  a r e a  of the r e s e r v o i r  a t  a high r a t e ,  but  
this  d o e s n ' t  have enough volume ( 2 5  a c r e s  for 200 kt)  i n  a gas  r e s e r v o i r  to 
be  economic.  
ceivably one  could f r a c t u r e  the  en t i r e  r e s e r v o i r  economica l ly  by  c l o s e l y  
spaced  nuc lear  sho t s .  

T h e  s i tua t ion  might  be d i f fe ren t  i n  an oil r e s e r v o i r  w h e r e  con-  

F i g u r e  10 shows a m a p  of the a r e a s  where  nuc lea r  s t imu la t ion  looks  p r o m -  
ising. 
s tandard  cubic feet .  
s tandard  cubic feet .  
of gas  a s  r e c o v e r a b l e  by 'nuc lear  m.eans. (11) 

In the Ru l i son  F i e l d  a lone  t h e r e  i s  an accumula t ion  of s o m e  8 t r i l l i on  
In th i s  en t i r e  area t h e r e  m a y  b e  s e v e r a l  hundred  t r i l l i on  
T h e  Bureau  of Mines e s t ima ted  317 t r i l l i on  cub ic  feet 

Success fu l  economic u s e  of nuc lea r  explosives  m a y  well r e v e r s e  t h e  t r e n d  to  
reduced r e s e r v e s  of n a t u r a l  gas .  
and the y e a r s  of r e s e r v e s  remain ing  a t  c u r r e n t  product ion  r a t e s .  
i s  the c leanes t  of a l l  f u e l s ,  i s  in s h o r t  supply and growing m o r e  c r i t i c a l .  
Something m u s t  be done t o  m a k e  m o r e  g a s  ava i lab le  to  the cons tan t ly  in-  
c r eas ing  m a r k e t .  

F i g u r e  11 shows the  g a s  product ion  t r end  
G a s ,  which 

With the t a rge t  s o  l a r g e  and the technology a l m o s t  in our  g r a s p  i t  seems 
s t r a n g e  that  so  l i t t l e  money has been spent  by the  AEC on developing nuc lea r  
s t imulat ion.  

- into development  of v a r i o u s  types  of nuc lea r  power r e a c t o r s .  F o r  only a 
small f rac t ion  of th i s  i nves tmen t  they should be a b l e  to  develop the p r o p e r  
type of devices  to m a k e  n u c l e a r  s t imulat ion clean,  economic ,  and r e a d i l y  
avai lable  to  ut i l ize  our a l r e a d y  known gas  r e s e r v e s  in t ight r e s e r v o i r s .  W e  
can ' t  help but a g r e e  comple te ly  with Dr.  Henry Dunlap 's  ( 12) s t a t e m e n t  tha t ,  
"It would a p p e a r  w e ' r e  e i the r  spending too m u c h  on r e a c t o r  deve lopment  o r  
too l i t t l e  on nuc lear  s t imula t ion  of gas r e s e r v o i r s . "  S ince  ou r  soc ie ty  is  
constantly c l amor ing  fo r  m o r e  non-polluting ene rgy ,  we  advoca te  v igorous  
e f for t s  to  br ing  the new technology of nuc lea r  s t imula t ion  to  rap id  c o m -  
merc ia l iza t ion .  T h e  U. S .  Government  has  an  addi t ional  r e a s o n  f o r  d e -  
veloping nuc lea r  s t imula t ion ,  Over  half of the a c r e a g e  is F e d e r a l l y  owned 
and d i r e c t  roya l t ies  to the  U. S. Governmen t  would be l a r g e .  F o r  e x a m p l e ,  
i f  the  Bureau  of Mines f igu re  (317 t r i l l ion  S C F )  i s  c o r r e c t ,  roya l ty  i n c o m e  
to the USA could be as high as 4 bill ion do l l a r s .  

In s t ead  they keep pouring hundreds of mi l l i ons  of d o l l a r s  y e a r l y  

PROBLEMS TO SOLVE BEFORE ECONOMIC NUCLEAR STIMULATION 

c o s t s  

F o r e m o s t  among  the p rob lems  that m u s t  b e  solved i s  the r educ t ion  
The  two g a s  s t imula t ion  expe r imen t s  p e r f o r m e d  thus far w e r e  s o  i n  cos t .  

expensive they could not possibly b e  economic.  
d r a s t i c a l l y ,  t he  nuc lea r  method can  never  be m a d e  economic .  

Unless  c o s t s  can  b e  r e d u c e d  

T h e  c o s t  of a g a s  s t imulat ion expe r imen t  i s  highly dependent  upon 

B e c a u s e  of t h i s ,  the  Rulison cos t s  should no t  be  thought of 
the technical  ob jec t ives  and, as  such ,  
expe r imen t s .  
a s  an expected n o r m  for  e i ther  fur ther  expe r imen t s  o r  c o m m e r c i a l  p r o j e c t s  
but r a t h e r  a s  a r e f e r e n c e  point f r o m  which sens ib l e  deviat ions can  be m a d e .  
Rul ison is  e s t ima ted  to cost  approximate ly  $5. 9 mill ion upon comple t ion  

c o s t s  can v a r y  cons iderably  be tween  

7 



(See  Tab lk  11); however ,  i t  is c l e a r  that on f u t u r e  e v e n t s  th i s  could b e  s ign i f i -  
cant ly ' reduced.  F o r  i n s t ance ,  Rul i son  i n c u r r e d  c o s t s  of $271K b e c a u s e  of 

' a delay.  One Hundred F o r t y - T w o  Thousand  D o l l a r s  w a s  i n c u r r e d  b e c a u s e  
of wea the r  de lays  i m p o s e d  by  the c u r r e n t  p r o c e d u r e  which a s s u m e s  that  a n  
acc iden ta l  r e l e a s e  of r ad i a t ion  wi l l  o c c u r  r e g a r d l e s s  of the d e p t h  of b u r i a l .  
Both of t hese  f a c t o r s  should b e  e l imina t ed -  -one  b y  b e t t e r  i n i t i a l  p lanning,  
and  the o t h e r  by a p p r o p r i a t e  imp lemen ta t ion  of acc iden ta l  ven t ing  s a f e g u a r d s .  
E x p e r i e n c e  gained f r o m  this  event  indica te.s that  a n  addi t iona l  mi l l i on  d o l l a r -  
plus  reduc t ion  could be ach ieved ,  even f o r  a  s i m i l a r  e x p e r i m e n t a l  event .  

T a b l e  I1 dep ic t s  e x p e r i m e n t a l  cos  t  e s t i m a t e s  wh ich inc lude  ac tua l  c o s t s  to 
da t e  p lus  e s t i m a t e d  c o s t s  to . comple te  the  expe r imen t .  T h e  second  c o l u m n  
ind ica t e s  what c o s t s  should b e  expec ted  for Shot  # 6  i n  t h e  R u l i s o n  ~ i e l d .  I t  
i s  qui te  ev ident  that  s ignif icant  r educ t ions  no t  only c a n  be,  but m u s t  b e  
m a d e  i f  we a r e  to a c h i e v e  economic  s t imula t ion .  

You wi l l  note  that  we l l  c o s t s  a r e  no t  included in the  s u m m a r y  deal ing w i t h ,  

Shot #6. Th i s  is s i m p l y  b e c a u s e  we l l  c o s t s  can  v a r y  s ign i f i can t ly  fo r  dif -  
f e r e n t  a r e a s .  F o r R u l i s o n  t h e  w e l i  c o s t s  will.  d e c r e a s e  with technologica l  
deve lopment ,  poss ib ly  b y  s u c h  f a c t o r s  a s  s,hooting in a n  uncased  hole ,  r e -  
duct ion i n  wel l  d i a m e t e r  and s t emming  techniques  a l lowing s imp l i f i ed  r e -  
en t ry .  

A t  f i r s t  g lance ,  a to ta l  cos t  of $700K f o r  Shot  # 6 ,  excluding wel l  c o s t s  ,m igh t  
a p p e a r  o v e r l y  op t imi s t i c  in  view of the expe ' r imenta l  c o s t s .  However , .  r e f e r -  

. r ing  t o  t h e  c h a r t ,  I t e m s  I ,  11, and 111 , to ta l l ing a lmo.s t  $2. 1 mi l l ion  d o  n o t  
need  to  b e  r epea t ed  for  ope ra t ions  in t he  s a m e  a r e a .  T h e  deve lopmen t  of 
the  ope ra t iona l  p l an  and t h e  c o n t r a c t  w i t h  the Governmen t  s h o u l d ' b e c o m e  
rou t ine  w i t h  c o s t  reduc t ion  of at l e a s t  $130K. 

S i t e  P r e p a r a t i o n ,  Maintenance,  and Logis t ic  Suppor t  could e a s i l y  b e  
r educed  $95K even  under  e x p e r i m e n t a l  condi t ions .  A r educ t ion  of $460K fo r  
explos ive  s e r v i c e s  r e m a i n s  a ques t ionable  i t e m ;  however ,  t h e s e  c o s t s  should 
b e  r e d u c e d  to a r o u n d .  $200K under  the inf luence of the N o n - P r o l i f e r a t i o n  
T r e a t y  a n d  with  the development  of off- the-shelf  exp los ives .  

Exp los ive  Opera t ion ,  Opera t iona l  Safety ,  S e i s m i c  Documenta t ion  a n d  
Damage ,  P r o j e c t  Managemen t  and Pub l i c  Re la t ions  a r e  g e n e r a l l y  a r e a - w i d e  
a c t i v i t i e s  and thus  the c o s t  of p e r f o r m i n g  t h e s e  fo'r f ive  n u c l e a r  explo'sions 
on t h e  s a m e ,  d a y  would no t  b e  s ignif icant ly  g r e a t e r  than  tha t  f o r  one. By 
a m o r t i z i n g  t h e s e  c o s t s  o v e r  f ive e v e n t s ,  and r ecogn iz ing  tha t  a good p o r t i o n  
o f  t h e s e  cos t s  i s  due  to t he  f la r ing  opera t ion ,  i t  i s  e a s y  to envis ion  a n o t h e r  
r educ t ion  o f  $1. 3  mi l l ion .  

. .  
T h e s e  r educ t ions  wil l  n o t ' j u s t  s imply happen a s  a m a t t e r  of c o u r s e ;  a c t i v e  
e f fo r t  by both i n d u s t r y  a n d  Governmen t  m u s t  b e  m a d e .  I n d u s t r y  will  b e  look-  
ing t o  the  Governmen t  f o r  s u c h  things a s  reduced device  s i z e  a n d  c o s t s ,  
s t e m m i n g  techniques  (which can only b e  developed a t  the Nevada  T e s t  S i t e ) ,  
a p p r o p r i a t e  s a f e t y  c r i t e r i a  a n d  encouragemen t .  Indus t ry  i s  faced  wi th  d e -  
veloping e f f ic ien t  o p e r a t i o n s ,  t echnica l  know- how, and sa fe ty  capab i l i t i e s  
p r e s e n t l y  a s s o c i a t e d  only with  the Atomic E n e r g y  C o m m i s s i o n .  



TABLE 11. 

RULISON: E X P E R I M E N T A L  VS. P R E D I C T E D  COST F O R  SHOT # 6  

E x p e r i m e n t  
$K 

F e a s i b i l i t y  and concep t  77  
E x p l o r a t o r y  locat ion ( d r i l l  we l l  and t e s t )  1089 
S i t e  c h a r a c t e r i s t i c s ,  documenta t ion  and 

r e p o r t i n g  875  
Develop  opera t iona l  plan and c o n t r a c t  

wi th  Cove  r n m e n t  162 
S i t e  p repa ra t ion ,  ma in t enance ,  and 

unal located l o g i s t i c s  1 9 4  
E m p l a c e m e n t  hole  754  
Exp los ive  s e r v i c e s  658 
Exp los ive  ope ra t ions  276  
Opera t iona l  s a f e t y  656 
S e i s m i c  documenta t ion  & d a m a g e  278  
P o  s t -  shot  d r i l l i ng  230 
P roduc t ion  300  
P r o j e c t  Management  299  
Pub l i c  In fo rma t ion  103  

:k Well  c o s t s  no t  included. 

Shot  # 6  
$K 



Radia t ion  

T h e  s e c o n d  m a j o r  p r o b l e m  to t ack le  i s  r ad i a t ion .  A s s u m i n g  t h e  c o s t  
c a n  be b rough t  down to  a n  economic  l e v e l  w e  m u s t  e n g i n e e r  a r o u n d  the  con -  
tamina t ion  p rob lem.  

I n  g a s  s t imula t ion ,  all of the  r ad ionuc l ides  a r e  i n i t i a l l y  conta ined .  
The'  c e s i u m ,  s t r o n t i u m ,  a n d  o ther  inso luble  s i l i c a t e s  w i l l  b e  t r apped  a t  the  
bo t tom of t h e  cavity.  Such  so l id s  will  not l e a c h  in to  a q u i f e r s  s i n c e  they  a r e  
i n so lub le  a n d  f u r t h e r  t h e  flow i s  a l w a y s  in to  t h e  n u c l e a r - c r e a t e d  wel l  b o r e ,  
no t  a w a y  f r o m  i t .  T h e  r e m a i n i n g  p r o b l e m  then i s  t h e  r a d i o a c t i v e  g a s e o u s  
byproducts  . 

T h e  type and a m o u n t s  of gaseous  byproducts  can  be  con t ro l l ed  so rne -  
what  by choice  of the d e v i c e  and explos ive  envi rcnment .  H e r e  is a n  a r e a  
w h e r e  t he  AEC should be h a r d  a t  work  on d e v i c e  des ign .  In the  R u l i s o n  s h o t ,  
a  f i s s i o n  device  w a s  u s e d  with  a  b o r o n  ca rb ide  shield  to  cut  down g e n e r a t e d  
t r i t i u m  by a f a c t o r  of 3 o r  4. O the r  such  r e f i n e m e n t s  a r e  p o s s i b l e  by the  
exce l len t  l a b o r a t o r y  s t a f f s  of LRL and LASL. 

In g e n e r a l ,  we need to b e  conce rned  wi th  only two  g a s e o u s  r a d i o -  
nuc l ides ,  t r i t i u m  and krypton .  Iodine,  though p roduced  i n  l a r g e  quan t i t i e s  
by a f i s s i o n  dev ice  h a s  a  s h o r t  ha l f - l i fe  (8 d a y s )  and c a n  be  a l lowed t o  ex-  
pend i t s  elf s i m p l y  by de l ayed  r e e n t r y .  

Krypton  85 i s  a byproduct  of t he  f i s s i o n  o r  a t o m  bomb.  I t s  c o n c e n t r a -  
t ion c a n  be.  r educed  by  us ing  a  fus ion  o r  H-bomb.  However ,  th i s  i n c r e a s e s  
the  concen t r a t ion  of t r i t i u m ,  s o m e  of which r e m a i n s  behind unused  Erom a 
t h e r m o n u c l e a r  r eac t ion .  

T h e  to t a l  gaseous  r ad i a t ion  expec ted  i n  Rul i son  i s  a c t u a l l y  v e r y  s m a l l ;  
l e s s  than 0 .  3g ( 3 , 0 0 0  c u r i e s )  of t r i t i u m  product ion  ( a n  i s o t o p e  of hydrogen)  
w a s  e s t i m a t e d .  T h i s  would be equiva len t  to t h e  amoun t  conta ined  i n  a b o u t  
1  c c  of p u r e  t r i t i a t ed  w a t e r .  T h e  a m o u n t  of k ryp ton  p roduced  w a s  ca l cu l a t ed  
a s  1 ,  000 c u r i e s  o r  0. 0 2  cubic  f e e t  of gas  a t  s t a n d a r d  condi t ions .  

T h e  p r o b l e m  is caused  b y  the mixing of the r ad io i so topes  in t he  g a s  
following the .de tona t ion .  T h e s e  s m a l l  a m o u n t s  bf g a s e s  a r e  mixed  in .  the  
200-700 mi l l ion  s t a n d a r d  cubic f ee t  of m e t h a n e  expec ted .  in t h e  cavi ty .  A s  
a  f u r t h e r  compl i ca t ion  s o m e  of the t r i t i u m  wil l  p a r t i a l l y  exchange  wi th  
hydrogen  of the m e t h a n e  to  give a  s m a l l  amoun t  of t r i t i a t ed  m e t h a n e .  

L e t ' s  look  a '  l i t t l e  f u r t h e r  a t  the  t r i t i u m  p r o b l e m .  S i n c e  o v e r  90% of 
t h e  t r i t i u m  will  s t a y  behind with bound w a t e r  i n  the cav i ty ,  t h e r e  wil l  p r o b a b l y  
b e  l e s s  than 0. 03g o r  300 c u r i e s  p roduced  with the gas '  i n  the  ch imney .  ( F o r  
c o m p a r i s o n ,  n a t u r a l  c o s m i c  r ad i a t ion  p r o d u c e s  about  6 ,  000 g of t r i t i u m  p e r  
y . ea r . )  If w e  a s s u m e  the g a s  i s  burned  and  m i x e s  in  the a i r  above  the  ground 
within one m i l e  .of the  we l l  ( a  v e r y  c o n s e r v a t i v e  e s t i m a t e ) ,  w e  c a l c u l a t e  a 
concen t r a t ion  o f ' t r i t i u rn  i n  'air m a n y  t i m e s  below the-a l lowable .  t r i t i u m  in . 

a i r  l eve l s  given by t h e  s t a n d a r d s  se t  by the F e d e r a l  Rad ia t ion  Counci l .  F o r  
t h e  l a y m a n ,  if a p e r s o n  brea ' thed this  a i r  f o r  one y e a r  (which  is i m p o s s i b l e  
s i n c e  t h e  a i r  would m i x  wi th  other  a i r ) ,  he would r e c e i v e  l e s s  total r ad i a t ion  



than 1/30 the a m o u n t  he ge ts  f r o m  one c h e s t  x - r a y -  - o r  l e s s  r ,adiation. than 
the  amount he ge t s  f r o m  f l y i ~ g  f r o m  Las Ve.gas to  New York  in a jet  a i r -  
plane.  

How s e r i o u s  a r e  o ther  gaseous r ad ia t ion  p r o b l e m s 7  Judging by the  
sound and fury  of the  opponents to Rul i son ,  i t  m u s t  a p p e a r  v e r y  dangerous .  
Actually,  however ,  the total  amount  of krypton  in the cavi ty  a t  Ru l i son  i s  
a l s o  s m a l l  c o m p a r e d  to that  encountered e v e r y  day  in  ou r  soc ie ty .  T h e  total  
amount  of krypton f r o m  Rul ison  (1 ,000  c u r i e s )  is  produced i n  2 -  1 / 2  days  
opera t ion  of a 1000 megawat t  nuclear  r e a c t o r  and nuc lea r  power is m u c h  
c leaner  f r o m  a radia t ion  standpoint than coal-fired power .  (13) ,  (14)  

I t ' s  obvious w e , h a v e  a n  informat ion  gap s o m e w h e r e  and should ge t  
- busy informing the l a y m a n  of the f ac t s  of rad ia t ion .  Until  we  ge t  the m e s s a g e  

a c r o s s ,  we  wil l  have  a public acceptance p r o b l e m ;  Alleviat ing this  p r o b l e m  
i s  ex t remely  i m p o r t a n t  because  the public should ac tua l ly  b e  demanding  
rap id  development  of nuclear  gas  s t imulat ion a s  a way to obtain e n e r g y  with 
m i n i m u m  pollution. 

Bu t  fac ts  don ' t  cover  emotions and this r ad ia t ion  was  c r e a t e d  by a 
bomb. Thus ,  uncontrol led venting of the g a s ,  though i t  would b e  s a f e ,  i s  
probably not a good answer  to  the rad ia t ion  p rob lem.  F u r t h e r ,  ' i t  would be  
a t e r r i f i c  w a s t e  of e n e r g y  which our  economy can  i l l  a f ford .  

T h e  f i r s t  solut ion to the  p rob lem might  be achieved  by mixing .  In  
o ther  words ,  take the s l ight ly  contaminated chimney g a s  and di lute  i t  s e v e r a l  
t i m e s  with non-contaminated gas before  i t  goes in to  a pipel ine.  T h i s  solut ion 
is ,  technically sound but aga in ,  because  of the emot ional  a s p e c t ,  m a y  not be  
feas ib le .  

A second ,solution i s  to  pipe the chimney g a s  ou t  of the  b a s i n  to  a r e -  
mote  a r e a  a n d ' u s e  i t  to gene ra te  e l e c t r i c  power.  All  that i s  needed i s  a n  
a m p l e  supply of cooling w a t e r  and control led burning s o  that rad ia t ion  l eve l s  
a r e  maintained f a r ' b e l o w  any poss ib le  rad ia t ion  d a m a g e .  Th i s  plan i s  under  
study and  m a y  wel l  be the  bes t  answer .  

A third solution i s  to work out a method of sepa ' rat ing the contaminated  
f r o m  non- contaminated gas.  This  would be quite a t echn ica l  under  taking 
s ince  krypton has  a boiling r ange  c lose  to  that of methane .  F u r t h e r ,  any  
t r i t i u m  which .has  f o r m e d  tr i t ia ted methane i s  e x t r e m e l y  difficult  to  s e p a r a t e  
f r o m  non- t r i t ia ted  methane.  But the sepa ra t ion  m a y  b e  poss ib le  and r e -  
s e a r c h  should be done i n  this a r e a .  In o the r  appl ica t ions  such as  s t o r a g e ,  
r emova l  of the rad ioac t ive  g a s  would p r e s e n t  m u c h  l e s s  of a p rob lem.  

Nuclear  gas  s t imula t ion  i s  c lose  to economic u s e .  Though  the two gas  sho t s  
Gasbuggy and Rulison have been expensive e x p e r i m e n t s ,  mre have shown how 
these  c o s t s  c a n  .be reduced  to make  nuclear  s t imula t ion  a t t r a c t i v e .  S u c c e s s -  
ful  development  of the n ~ e t h o d  may radica l ly  change the gas  s h o r t a g e  which 
i s  developing in the U. S. 



P r e l i m i n a r y  r e s u l t s  f r o m  Rulison ar 'e encouraging.  P r e s s u r e  in  the cavi ty  
h a s  bc i l t  up rapidly,  indicat ing a  high flow r a t e  f r o m  the  v i rg in  r ' e se rvo i r  
rock  irito t h e  f r a c t u r e d  zone. If the  buildiup data  i s  conf i rmed  by long- t e r m  
f low t e s t s ,  we ' l l  f ind that  our  or iginal  p red ic t ions  w e r e  f a r  too conse rva t ive .  
T h i s  would m e a n  we can  produce  the s'timulated g a s  wel l s  a t  higher  ra ' t es  
than expected o r  r educe  the s i z e  of device n,eed.ed to s t i m u l a t e  g a s  wel l s  
economical ly.  

S e v e r a l  p r o b l e m s  need  f u r t h e r  concent ra ted  ef for t .  Cos t s  of the opera t ion  
m u s t  be  reduced  drasticaLly o r  i t  will neve r  b e  economic .  Such reduct ions  
c a n  on1.y-be achieved'  through c lose  cooperat ion be tween the A E C  and indus t ry .  

Radia t ion  has  e m e r g e d  a s  the m a j o r  p r o b l e m  to b e  solved.  Her-e  the m a j o r  
a n s w e r  l ies  in educat ion of the  population s i n c e  n u c l e a r  s t imulat ion will  . 

al low i n c r e a s e d  .product ion of gas  which i s  the ~ l e a n e s t . ~ o w e r '  s o u r c e  a v a i l -  
ab le .  However ,  other  so lu t ions  such  as device  des ign  changes to  r educe  
the  ac tua l  amoun t s  of rad ia t ion ,  burning chimney gas f o r  genera t ing  e l e c t r i c -  
i t y ,  and  methods of phys ica l ly  sepa ra t ing  t h e  krypton and t r i t i u m  f r o m  
methane  should b e  s tudied .  
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SHOT DEPTH 3000' 
CHIMNEY AND BROKEN ROCK ZONES RESULTING FROM 
VARIOUS S I Z E  NUCLEAR DETONATIONS IN O I L  SANDS. 

Figure 1 
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YEARS OF PRODUCTION 

FIB. 3. EFFECT OF NUCLEAR STIMULATION ON (3AS RECOVERY 



YEARS OF PRODUCTION 

FIG. 4. EFFECT OF PERMEABILITY ON GAS RECOVERY AFTER NUCLEAR STIMULATION WITH A 40 KT DEVICE AND 320 ACRE SPACINB 



YEARS OF PRODUCTION 

FIG. 5. EFFECT OF PERMEABILITY ON GAS RECOVERY AFTER NUCLEAR STIMULATION WITH A 5 K T  DEVICE AND 320 ACRE SPACIN(3 



YEARS OF PRODUCTION 

FIG. 6. EFFECT OF DEVICE SIZE ON GAS RECOVERY IN A .003 md PERMEABILITY RESER,VOlR AND 320 ACRE SPACING 



YEARS OF PRODUCTION 

FIG. 7. EFFECT OF DEVICE SIZE ON RECOVERY IN A .Ol rnd PERMEABILITY RESERVOIR AND 320 ACRE SPACING 
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FIG. 8. EFFECT OF DEVICE SIZE ON RECOVERY IN A .05 md PERMEABILITY RESERVOIR AND 320 ACRE SPACIN(3 



PERMEABILITY md 



1000 

ELAPSED ,TIME SINCE EVENT (HOURS) 

loo 
Figure 10 



MAJOR BASINS OF ROCKY MOUNTAIN STATES 

Figure 11. 
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